Edited by J. Karn

1. Introduction
===============

The template-dependent polynucleotide polymerases (TDPPs) that replicate cellular and viral genomes are central to life. The DNA genomes of cellular organisms and the majority of DNA viruses are replicated by DNA-dependent DNA polymerases (DdDp). RNA genomes, currently found only in viruses, comprise four types: positive and negative-sense single-stranded RNA (ssRNA+ and ssRNA−, respectively) viruses, double-stranded RNA (dsRNA) viruses, and RNA viruses that use reverse transcriptase for genome replication. RNA-dependent polymerase is the only enzyme universally conserved in all of the thousands of known non-satellite RNA viruses. RNA-dependent RNA polymerase (RdRp) is used to replicate the genomes of viruses with no DNA stage, and RNA-dependent DNA polymerase (RdDp; reverse transcriptase) is used by viruses with a DNA stage in the life cycle.[@BIB1]

Despite the diversity of genomes that they replicate, the TDPPs have remarkable structural conservation. All the RNA-dependent polymerases, and many DNA-dependent polymerases, employ a fold whose organization has been likened to the shape of a cupped right hand with three subdomains, termed fingers, palm and thumb.[@BIB2] Only the palm subdomain, composed of a four-stranded antiparallel β-sheet with two α-helices packed beneath, is well conserved among all of these enzymes.[@BIB3], [@BIB4], [@BIB5], [@BIB6], [@BIB7], [@BIB8], [@BIB9] The palm subdomain comprises several ordered sequence motifs, with motifs A, B and C[@BIB10] being the most prominent. Motifs A and C are conserved in the TDPPs of all cellular organisms and viruses.[@BIB5], [@BIB11], [@BIB12], [@BIB13] In RdRps, motif A (DX~4--5~D, where X is a non-conserved residue) contains two Asp residues separated by four or five residues, while motif C (GDD) contains an Asp-Asp dipeptide, which is often preceded by a Gly.[@BIB10] In TDPPs other than RdRps, only the N-terminal Asp residues in motifs A and C are conserved[@BIB14] at the end of a β-strand of motif A and in the turn of the β\^β hairpin of motif C. These Asp residues are spatially juxtaposed, bind divalent cations, Mg^2+^ and/or Mn^2+^, and are crucial for catalysis. Motif B forms a long α-helix and is conserved in RNA-dependent polymerases, and, at the secondary structure level, in other polymerases.[@BIB4], [@BIB6] Motif B contains a residue (Asn in RdRp) that contributes to the discrimination between dNTPs and NTPs and thus determines whether RNA or DNA is synthesized.[@BIB6], [@BIB15] Hence, all three motifs are indispensable for proper functioning of polymerases. This structural and functional conservation implies that palm subdomains of all TDPPs may have evolved from a common and ancient ancestor. RdRps also share the palm motif D (α\^β structure), and motif E (β\^β structure), which is located at the palm--thumb interface; these motifs may not be readily recognized in sequences of every RNA virus.

Due to their universal occurrence and exceptional conservation,[@BIB16], [@BIB17], [@BIB18] RdRps, along with a few other replicative proteins, have been used for the identification and classification of RNA viruses. The phylogeny of RdRps mainly parallels the taxonomy of RNA viruses up to the supergroup level.[@BIB19] Among ssRNA+ viruses, Alphavirus and Picornavirus-like supergroups[@BIB20], [@BIB21] are the most numerous, each comprising a dozen or so families.[@BIB22]

Here, we describe the analysis of the replicases of four RNA viruses from two families. Recently sequenced *Thosea asigna* virus (TaV) ([@BIB23] and this report) and *Euprosterna elaeasa* virus (EeV) (J.-L.Z., F.M.P., K.H.J.G., V.K.W., B.T.L., A.E.G. & T.N.H., unpublished results; GenBank accession number AF461742) are ssRNA+ viruses provisionally classified as tetraviruses, an Alphavirus-like supergroup family whose members have only been isolated from lepidopteran insects. The second virus family is the dsRNA birnaviruses, including infectious pancreatic necrosis virus (IPNV) and infectious bursal disease virus (IBDV) that cause highly contagious diseases of young salmonid fish and chickens, respectively.[@BIB24], [@BIB25]

The genomes of TaV and EeV consist of an RNA segment of ∼5700 nucleotides (nt) with two open reading frames (ORFs) encoding the putative replicase (see below) and capsid proteins. The capsid precursor is expressed from a subgenomic RNA molecule which, along with genomic RNA, is packaged into virions ([Figure 1](#FIG1){ref-type="fig"}) [@BIB23], [@BIB26] (J.-L.Z., F.M.P., K.H.J.G., V.K.W., B.T.L., A.E.G. & T.N.H., unpublished results). The genome of birnaviruses consists of segment A (∼3300 nt), encoding a precursor to the major capsid proteins, and segment B (∼2900 nt), encoding the RdRp [@BIB24] ([Figure 1](#FIG1){ref-type="fig"}). Counterparts of motifs A, B, and C of the palm subdomain and motif E,[@BIB10] were tentatively identified in the birnavirus RdRps through comparison with homologs encoded by ssRNA+ viruses.[@BIB27], [@BIB28] However, the highly conserved Asp-Asp dipeptide, which is critical for enzymatic activity, was not evident in motif C of the IPNV RdRp.[@BIB28] This is in striking contradiction to the replicative competence of birnaviruses.[@BIB29], [@BIB30] Figure 1Mosaic domain architecture of replicase and capsid proteins of TaV and EeV. Shown are selected conserved domains (CDs) of replicative and capsid proteins of TaV/EeV, IPNVJ/IBDV, *H. armigera* stunt virus (HaSV) and *Nudaurelia* β virus (NβV) (tetraviruses), and hepatitis E virus (HEV). RNA 1 and 2 ((a) and (b)), RNA segments 1 and 2 ((a) and (b)), respectively; gRNA, genomic RNA; sgRNA, subgenomic RNA packaged into virions; RdRp-I and -IIp, Alphavirus-like RdRp and Picornavirus-like permuted RdRp, respectively. The identification of the RdRp-IIp domain in replicases of TaV, EeV, IPNV and IBDV is detailed in the text and subsequent Figures.

Here we resolve the above conflict, showing that the originally identified motif C in birnaviruses is fortuitous; in fact, a well-conserved motif C is present, but located upstream of motif A in RdRps of birnaviruses as well as TaV and EeV. This organization of the C--A--B motifs is unprecedented amongst viral and cellular TDPPs and yields a palm fold in which the canonical structural elements show a non-canonical connectivity. Our findings further indicate that the RdRps of TaV, EeV and birnaviruses have profoundly deviated from all known RdRps and comprise a unique ancient lineage whose very existence affects our understanding of the evolution of both polymerases and RNA viruses.

2. Results
==========

2.1. Sequencing of replicase gene of TaV
----------------------------------------

We have completed sequencing of the TaV putative replicase, of which the C terminus has been reported.[@BIB23] The ORF consists of 3771 nt encoding a protein of 1257 aa sharing ∼68% identity with the homolog of the same size from EeV, whose sequence was recently determined (J.-L.Z., F.M.P., K.H.J.G., V.K.W., B.T.L., A.E.G. & T.N.H., unpublished results; GenBank accession number AF461742). TaV and EeV have very similar genome organizations and capsid precursors ([Figure 1](#FIG1){ref-type="fig"}).

2.2. Replicases of ssRNA+ TaV and EeV and dsRNA birnaviruses are most similar, and they are distantly related to RdRps of Picornavirus-like viruses
---------------------------------------------------------------------------------------------------------------------------------------------------

On the basis of the conservation of the capsid proteins among TaV, EeV and the well established tetraviruses *Helicoverpa armigera* stunt virus (HaSV) and *Nudaurelia capensis* β virus (NβV)[@BIB23] (J.-L.Z., F.M.P., K.H.J.G., V.K.W., B.T.L., A.E.G. & T.N.H., unpublished results), it was expected that putative replicases of TaV and EeV would have the methyltransferase, helicase and RdRp domains that form the backbone of the replicases of tetraviruses ([Figure 1](#FIG1){ref-type="fig"}).[@BIB31], [@BIB32] Surprisingly, this conservation was not evident in sensitive profile *versus* profile dot-plots ([Figure 2](#FIG2){ref-type="fig"} , and data not shown). This is opposed to the conservation between replicases of distantly related insect tetraviruses (HaSV and NβV) and mammalian viruses of another family (hepatitis E viruses) ([Figure 1](#FIG1){ref-type="fig"}, [Figure 2](#FIG2){ref-type="fig"}). Furthermore, when our analysis was extended to database searches, the only statistically significant hit (psi-Blast, Blosum62, no filter, *E*=0.004) was recorded between the N-terminal ∼330 aa regions of the putative replicase of TaV and the previously identified RdRp domain of the 845 aa replicase of a dsRNA birnavirus, IPNV.[@BIB28] This hit was expanded through iterative searches and converted into an alignment between the replicases of TaV and EeV and two birnaviruses, IPNV and IBDV, that contained conserved regions of 530--580 aa residues adjacent to the N terminus of the proteins ([Figure 3(a) and (b)](#FIG3){ref-type="fig"} and data not shown). Using profile HMMER2.1-mediated searches,[@BIB33] this region in the four viruses was shown to be similar to RdRps of ssRNA+ viruses of the Picornavirus-like supergroup[@BIB18] and *Nidovirales* [@BIB34] whose sequence affinity was already documented[@BIB35] (all top hits in the Genpeptides database with scores better than *E*=100 were (putative) RdRps) ([Figure 4](#FIG4){ref-type="fig"}). Accordingly, we concluded that the identified region of the TaV and EeV replicases might include a RdRp.Figure 2Profile-*versus*-profile dot-plot cross-comparisons of the tetravirus RdRps with HepEV and TaV/EeV RdRps. ClustalX-generated alignments of (putative) RdRp domains of HaSV and NβV (tetraviruses),[@BIB31] human and swine hepatitis E viruses,[@BIB75], [@BIB76] and TaV and EeV (see [Figure 3(b)](#FIG3){ref-type="fig"}) were converted into profiles and compared in a dot-plot fashion, as described in [Materials and Methods](#SEC13){ref-type="sec"}. Shown are the dot-plots generated using a window of 23 aa residues. Matches between two profiles that were within the top 0.05% are marked by dots.Figure 3The sequence conservation in replicases of TaV/EeV and IBDV/IPNVJ. ClustalX-generated alignments of replicases of two pairs of viruses, TaV/EeV and IBDV/IPNVJ, were used to produce an across-virus-families alignment that included a match identified using psi-Blast. Positions of selected conserved RdRp blocks are marked. C?, putative permuted C motif; fC, fortuitous canonical C motif.[@BIB27], [@BIB28] (a) A plot of the conservation along the alignment of four viruses. The plot was produced using the Plotsimilarity of the GCG package with a window of 10 aa residues and the Blosum62 scoring table. The level of average similarity is marked with a broken line. Top bar, a portion of the alignment that is presented in (b). (b) The most conserved part of the alignment of four viruses. Residue position in each replicase is shown at the right side. Red, green and yellow backgrounds highlight columns with 100% identity, not less then 75% conserved residues, 75% identity, respectively. Groups of conserved residues are: N, D, Q, E; K, R, H; F, Y, W; A, C, I, L, V, M; S, T.Figure 4Sequence alignment of RdRps of selected RNA viruses employing the canonical and permuted palm subdomains. The RdRps of TaV/EeV/birnaviruses were converted into the canonical form by relocating the motif C? sequence (18--20 aa; boxed) downstream of the motif B (arrow). Excerpts from an alignment of the canonical 58RdRps comprising RdRps of 58 Picornavirus-like viruses and Nidoviruses that were proved to be among those that are most similar to the replicases of TaV, EeV and birnaviruses (17 viruses, top set) and the quasi-canonical RdRps (four viruses, bottom set) are presented. Red, blue and yellow backgrounds highlight columns with 100% identity, 75% identity or 100% conserved residues, 50% identity or 75% conserved residues, respectively, for the two sets separately. Groups of conserved residues are: N, D, Q, E; K, R, H; F, Y, W; I, L, V, M; A, S, T. Residues most conserved in two sets of viruses are featured in the line separating the two sets. Upper and lowercase residues, absolutely and partly conserved residues, respectively; ∗, I, L, V and M. The positions of motifs are shown. The intermotif distances are given between a pair of respective motifs, except for the distances between motifs B and C, and C and E of the bottom group, which are the distances separating the insertion position of the motif C from motifs B and E, respectively. Top five lines highlight residues forming β-strands (B) and α-helices (H) in the tertiary structures of RdRps from the calicivirus RHDV (1khwA; A chain) and the picornavirus PV type 1 (1rdr), or predicted secondary structure elements by the Jpred for alignment of RdRps of TaV, EeV, IPNVJ and IBDV, or psi-Pred for the IPNVJ RdRp (Ppre1) and TaV RdRp (Ppre2). Virus families and groups, viruses, and the NCBI protein (unless other specified) IDs are listed below. Picornaviridae, human poliovirus type 3 Leon strain (PV3L, 130503) and parechovirus 1 (HPeV1, 6174922); Unclassified insect viruses, infectious flacherie virus (InFV, 3025415) and *Acyrthosiphon pisum* virus (APV, 7520835); "CrPV-like" group, *Drosophila* C virus (DCV, 2388673); Sequiviridae, rice tungro spherical virus (RTSV, 9627951) and parsnip yellow fleck virus (PYFV, 464431); Comoviridae, cowpea severe mosaic virus (CPSMV, 549316) and tobacco ringspot virus (TobRV, 1255221); Caliciviridae, feline calicivirus F9 (FCVF9, 130538) and Lordsdale virus (LORDV, 1709710); Potyviridae, tobacco vein mottling virus (TVMV, 8247947) and Barley mild mosaic virus (BaMMV, 1905770); Coronaviridae, human coronavirus 229E (HCoV, 12175747) and Berne torovirus (BEV, 94017); Arteriviridae, equine arteritis virus (EAV, 14583262); Roniviridae, gill-associated virus (GAV, 9082018); putative Tetraviridae, TaV (AF82930; nt sequence) and EeV (AF461742; nt sequence); Birnaviridae, IPNVJ (133634) and IBDV (4894793). Corona-, Arteri- and Roniviridae belong to the order *Nidovirales*.[@BIB77], [@BIB78]

2.3. The conserved active site motifs associated with the palm subdomain are permuted in the (putative) RdRps of TaV, EeV and birnaviruses
------------------------------------------------------------------------------------------------------------------------------------------

Inspection of the TaV/EeV/birnavirus replicase alignment revealed the conserved variants of several sequence elements including the characteristic RdRp palm subdomain motifs A (DX~4--5~D) and B (GX~2--3~TX~3~N), and two other, less prominent motifs, F (RX~1--2~I/L)[@BIB7] and E (no consensus). The assignment of these motifs is also supported by comparative analysis of secondary structure elements predicted for RdRps of TaV, EeV, and birnaviruses and resolved for RdRps of a calicivirus, rabbit hemorrhagic disease virus (RHDV),[@BIB9] and a picornavirus, poliovirus (PV)[@BIB6] ([Figure 4](#FIG4){ref-type="fig"}). The analyzed RdRps also contain a newly recognized motif, termed G (T/SX~1--2~G) ([Figure 3](#FIG3){ref-type="fig"}, [Figure 4](#FIG4){ref-type="fig"}), that is the most conserved sequence in RdRps of TaV, EeV, and birnaviruses ([Figure 3(a)](#FIG3){ref-type="fig"}). In the RHDV RdRp, the G motif occupies a part of the finger subdomain and is flanked by two Lys residues (Lys114 and Lys134) that were predicted to interact with the phosphodiester backbone of the primer in the primer-template duplex.[@BIB9] One or two conserved basic residues can also be found in the vicinity of the G motif of other viruses listed in [Figure 4](#FIG4){ref-type="fig"} (data not shown). Thus, the invariant Gly and highly conserved Pro residues prominent in the G motif may have been selected to enforce the correct orientation of the adjacent basic residue(s) relative to the primer.

However, and consistent with a previous observation on the birnavirus RdRps,[@BIB28] the key catalytic motif comprising two aspartate amino acid residues flanked by two stretches of hydrophobic residues (motif C), proved to be lacking in the canonical positions in the putative RdRps of TaV and EeV. Accordingly, this region was termed fortuitous C motif (fC; [Figure 3(a) and (b)](#FIG3){ref-type="fig"}). Motif D (no consensus) was similarly not found. Surprisingly, a block with the expected properties for motif C is present immediately upstream of motif A in the replicases of TaV/EeV/birnaviruses (C? in [Figure 3](#FIG3){ref-type="fig"} and C in [Figure 4](#FIG4){ref-type="fig"}). It includes a GDD (TaV and EeV) or structurally similar ADN tripeptide (infectious pancreatic necrosis virus strain Jasper (IPNVJ) and IBDV), and might therefore be the authentic motif C occupying a non-canonical position in the sequence of these RdRps. This motif forms an extra block compared to the RdRps of Picornavirus-like viruses and Nidoviruses (column that includes boxed numbers in [Figure 4](#FIG4){ref-type="fig"}).

If motif C? in these unusual RdRps is the functional motif C required for replicase activity, it could have been relocated without compromising the associated RdRp activity, as has been previously observed for characterized circularly permuted proteins.[@BIB36] We reasoned that such an internal sequence rearrangement or permutation, which is unprecedented for the TDPPs, might be corroborated in a truly objective manner. To verify this permutation, we have applied a specially designed computer-assisted protocol that utilizes capabilities of sensitive HMMER and rps-BLAST programs for analyzing artificially permuted sequences. Using this protocol, it was shown that the relocation of the motif C? into the canonical position specifically and selectively converts non-canonical RdRps of the TaV/EeV and IPNV/IBDV lineages into the quasi-canonical RdRps ([Figure 4](#FIG4){ref-type="fig"}; for details see [Materials and Methods](#SEC13){ref-type="sec"} and [Figure 8](#FIG8){ref-type="fig"}, [Figure 9](#FIG9){ref-type="fig"}). The latter are indistinguishable from the real biological sequences that are distantly related to RdRps of Picornavirus-like viruses (Pfam database accession number PF00608[@BIB37]).

Collectively, the above observations independently inferred a non-canonical C--A--B motif arrangement for replicases of each of the TaV/EeV and, IPNVJ/IBDV lineages, thus confirming their special clustering ([Figure 3](#FIG3){ref-type="fig"}; see also below).

2.4. The permuted sequences of the RdRps of TaV/EeV and birnaviruses are compatible with the palm subdomain architecture
------------------------------------------------------------------------------------------------------------------------

Circularly permuted proteins are known to maintain folds of their unpermuted homologs.[@BIB36] Is the internally permuted sequence organization of RdRps from TaV/EeV/birnaviruses compatible with the canonical palm fold? To address this question, the connectivity of the tertiary structure of the PV RdRp,[@BIB6] a typical palm-based polymerase belonging to the PF00608 family, was modified to model the permuted C--A--B motif sequence arrangement. To relocate motif C upstream of motif A, the PV structure had to be cut in three loops between the following pairs of elements: αD and β1, αH and β2, β3 and αI. For the permuted structure, three new connections between the following pairs: αD and β2, β3 and β1, and αH and αI, respectively, had to be formed ([Figure 5(a) and (b)](#FIG5){ref-type="fig"}). All connections affected by this permutation are confined to a restricted loop area opposite the active site where the conserved catalytic aspartate residues (D233 and D328) are positioned ([Figure 5(b)](#FIG5){ref-type="fig"}). Three new connections could be modeled without major steric clashes, and the Cα--Cα distances between the termini of the major secondary structural elements in the actual and artificially permuted structures, 9.58--14.27 Å and 4.26--10.40 Å, respectively, are in similar ranges ([Figure 5(b) and (c)](#FIG5){ref-type="fig"}). Thus, the permuted backbone connectivity is compatible with the spatial organization of the major secondary structure elements of the palm fold and could maintain structural integrity of the subdomain, as was observed for circularly permuted proteins.[@BIB36], [@BIB38] Figure 5Structural organization of the canonical and permuted palm subdomains. The color schemes in (a), and in (b) and (c) are different. (a) Linear and tertiary organizations of sequence motifs and the major secondary structure elements in the canonical (top) and permuted (bottom) palm folds. Secondary structure elements are labeled according to the PV RdRp structure 1rdr[@BIB6] and, along with the A--D sequence motifs, shown schematically. Black arrows, positions where the backbone connectivity is broken in the canonical RdRp and reconnected in the permuted RdRp. For sake of clarity, all breaks are introduced in the middle of the loops and elements between A and B motifs omitted. Nt and Ct, N and C terminus, respectively. (b) Permutation of the palm fold of the PV RdRp. Using the Modeller suit of the Insight II package, the permutation found in the TaV/EeV/birnavirus RdRps was modeled onto the PV RdRp by relocation of the H320-E337 18 aa peptide into between E226 and E227 residues. To accommodate this re-organization, three additional mutations were introduced using loops from other proteins as templates: the foreign KVD tripeptide was inserted upstream of the 18 aa peptide and two point mutations P335→G and E337→P were engineered. The modeled regions were then improved using the Whatif4.99 package. The structure connecting β1 and αH contains three α-helices and the unresolved 268--290 aa region that are depicted with a broken line. The Cα track of the palm subdomain of the PV RdRp (from W218 to P356, capped by arrows) is shown in green with loops to be affected by the permutation colored in blue. The modeled permuted loops are shown in red. Green dots, active site Asp residues of motif A (D233) and motif C (D328 and D329). Also indicated are the residues at the termini of secondary structure elements that are connected by loops to be permuted. (c) Distances (in Å) between the terminal residues of the affected secondary structure elements in the actual structure of PV (blue) and in the permuted derivative (red).

This rearrangement transforms the ferredoxin-like β1αHβ2β3αIβ4 fold of the palm subdomain, containing an insertion between β1 and αH elements, into a new β2β3β1αHαIβ4 structure ([Figure 5(a)](#FIG5){ref-type="fig"}). In this structure, the antiparallel β-sheet of the original fold is partly freed from the covalent linkage to the αH and αI elements, which, in turn, become directly covalently linked, and the β2\^β3 hairpin and β1 strand, carrying the principal catalytic Asp residues, are brought into intimate sequential proximity. Similar structural alterations are predicted for the naturally permuted RdRps of TaV, EeV and birnaviruses. They may result in unique structural properties (e.g. intra- and inter-domain mobility) of the palm subdomain that may affect, for instance, the inter-conversion of open (inactive) and closed (active) conformations of the RdRp active site[@BIB9] and, ultimately, functioning of these RdRps.

2.5. The permuted RdRps form a separate lineage in a polymerase tree
--------------------------------------------------------------------

To ask whether the presence of the non-canonical C--A--B motifs order in the the TaV/EeV and birnavirus lineages might be due to a single ancestral permutation, a phylogenetic analysis was conducted using an alignment of the quasi-canonical RdRps of TaV/EeV/birnaviruses and a representative set of the canonical RdRps from the 58RdRp list ([Figure 4](#FIG4){ref-type="fig"}). It was found that the quasi-canonical RdRps comprise a separate, deeply rooted lineage supported by 953 out of 1000 and 78 out of 100 bootstrap trials in the neighbor-joining and parsimonious analyses, respectively ([Figure 6](#FIG6){ref-type="fig"} and data not shown). The RdRps of TaV/EeV and birnaviruses form a distinct cluster because of the sequence conservation over a long region rather than the presence of the unique motif C permutation that was reversed before the phylogenetic analysis. This conservation was originally uncovered in the course of the database searches (see above) and is evident in the alignment shown in [Figure 3(b)](#FIG3){ref-type="fig"}. The actual distance between RdRps of TaV/EeV/birnaviruses and those of other viruses must be even greater than that depicted in this tree, given that the motif C relocation in these quasi-canonical RdRps ([Figure 4](#FIG4){ref-type="fig"}) has artificially increased the genuine similarity between enzymes of TaV/EeV/birnaviruses and those of other viruses. However, the precise evolutionary weight of the motif permutation remains unknown.Figure 6Phylogenetic analysis of a selected set of RdRps. Using an extended, gap-free version of the [Figure 3](#FIG3){ref-type="fig"} alignment, an unrooted neighbor-joining tree was inferred by the ClustalX1.81 program. All bifurcations with support in \>700 out of 1000 bootstraps are indicated. A similar tree topology was inferred from analysis of the 328 parsimonious informative characters of the alignment using an heuristic search and parsimonious criterion (not shown). Different groups of viruses are highlighted. Only selected picornaviruses that do not include PV and HPeV1 employ a 2A protein (●) of the NPGP family. For the virus names, see the legend to [Figure 4](#FIG4){ref-type="fig"}.

The large distance between the permuted and canonical RdRps is also evident in the active site replacements in the permuted RdRps, which are not observed elsewhere in ssRNA+ viruses. Thus, birnaviruses have accepted Asp-to-Glu and Asp-to-Asn mutations of the second Asp in motifs A (DX~4--5~D) and C (GDD), respectively, and TaV/EeV have an accepted Asn-to-Asp mutation in motif B (GX~2--3~TX~3~N) ([Figure 4](#FIG4){ref-type="fig"}; see also O\'Reilly & Kao[@BIB11]). Some of these substitutions were shown to be compatible with the RdRp activity of the PV enzyme[@BIB15] and one of them, GDD-to-GDN, resulted in a change of metal specificity.[@BIB39]

3. Discussion
=============

The palm-based polymerases form the major family of the TDPPs and are universally used in all kingdoms of life. By fixation of mutations at selected positions in the palm subdomain active site motifs and elsewhere, four types of palm-based polymerases, RdRp, RdDp, DpDp and DdRp, could have evolved from the common ancestor which likely inhabited the RNA--protein world.[@BIB6] We demonstrate here, for the first time, that within the RdRps there occurred a bifurcation involving an otherwise unique permutation of the palm sequence motifs that yielded a new RdRp lineage. This permutation must be compatible with the RdRp activity, since birnaviruses, encoding a permuted RdRp, are known to be replicatively competent.[@BIB29], [@BIB30] The transfer of TaV and EeV between insect hosts and the presence of replicase genes in the virus genomes suggest that the yet-to-be-characterized TaV and EeV are also non-defective.

3.1. Discovery of internally permuted replicases in the TaV/EeV and IPNV/IBDV lineages
--------------------------------------------------------------------------------------

A fraction of known proteins have been shown to have evolved from ancestors by migration of the N and C termini into a loop region (circular permutation). Proteins with these rearrangements have been identified by either the analysis of tertiary structures or bioinformatics analysis of the canonical and permuted homologs.[@BIB36], [@BIB40], [@BIB41] The latter approach involves sequence comparisons and protein modeling and was employed here. Like other studies concerned with the bioinformatics identification of permutations,[@BIB42] we showed that: (i) the reversion of the identified permutation significantly and selectively increases similarity of the affected sequence with other canonical homologs; and (ii) a canonical architecture could accommodate the sequence permutation through changes in the backbone connectivity in loop regions.

The permuted replicative proteins described here are different in two respects from circular permutants described elsewhere.[@BIB36], [@BIB40], [@BIB41], [@BIB42] They have evolved through permutation of extremely small structures (∼22 aa) with upstream structures (∼110 aa) in large replicative proteins (∼850--1200 aa). This domain reshuffling involved changes of the backbone connectivity in three loops rather than one loop and two terminal regions.[@BIB40], [@BIB41], [@BIB42] A complex protocol of sequence comparisons was introduced (see [Materials and Methods](#SEC13){ref-type="sec"}) to uncover these unprecedented permutations, which must be self-evident in the tertiary structures, which are not currently available. Due to a large evolutionary distance between the permuted and canonical RdRps, the three positions that delimit two adjacent permuted subsequences in each replicase have been identified with small margins which are expected to decrease when more related replicases could be analyzed. Work is in progress (B.T.L. & A.E.G., unpublished results) to extend our approach to the identification of internal permutations in other structurally uncharacterized proteins in sequence databases that should clarify the extent of the contribution of this type of permutation to protein evolution.

3.2. RNA viruses with canonical and permuted replicases
-------------------------------------------------------

This study was initiated to gain insight into the replicase of TaV by its sequencing and bioinformatics analysis. Contrary to the current capsid-based classification of TaV,[@BIB23] and the closely related EeV, within the Tetraviridae family, the replicases of TaV and EeV proved to be significantly different in the domain organization and overall similarity from those of the known tetraviruses HaSV and NβV ([Figure 1](#FIG1){ref-type="fig"}, [Figure 2](#FIG2){ref-type="fig"}). These two groups of viruses therefore employ very different replicative machineries that have diverged relatively early in evolution. With their shared capsid architecture and divergent replicases, TaV/EeV and the well-established tetraviruses enjoy a mosaic relationship ([Figure 1](#FIG1){ref-type="fig"}) resembling that between Picornavirus-like potyviruses and Alphavirus-like potexviruses.[@BIB43] On the basis of this parallel and the phylogeny of RdRps ([Figure 6](#FIG6){ref-type="fig"}), we suggest to re-examine the taxonomic position of TaV and EeV with regard to the Tetraviridae. These viruses may be prototypes for a new family distinct from tetraviruses and not belonging to any existing virus supergroup. A formal proposal to make these changes is to be submitted to the International Virus Taxonomy Committee (T.N.H., K.H.J.G. *et al*., unpublished results).

The discovery of a distantly related group of permuted replicases in birnaviruses was also very surprising, since other replicases from true ssRNA+ and dsRNA viruses are not interleaved.[@BIB19] The clustering of TaV/EeV and birnaviruses indicates that these viruses may share important characteristics of RNA synthesis not common to their respective classmates that are involved in contrasting, i.e. virion-independent and dependent, respectively, modes of replication.[@BIB44] The unique, intermediate position of birnaviruses between other dsRNA and ssRNA+ viruses was also evident with other virus properties.[@BIB45]

The observed replicase conservation covers approximately 550 aa and includes the RdRp domain, which is flanked by other uncharacterized domains. It may be relevant to this conservation that the genomic RNAs of viruses of these two groups have unique 3′-ends[@BIB24], [@BIB23] which do not have the poly(A) or tRNA-like structures common in many other ssRNA+ and dsRNA viruses.[@BIB46] The 3′-end is crucial for the initiation of minus RNA synthesis in RNA viruses.[@BIB47] In birnaviruses, a fraction of replicase molecules are known to be covalently linked to the 5′-end of genomic RNAs; these molecules are likely to be used to prime RNA synthesis.[@BIB24] The 5′-ends of the TaV/EeV genomic RNAs, which remain to be characterized, might also have a similar structure.

The CDs in replicases of TaV, EeV and birnaviruses have remote similarities to the RdRps of Nidoviruses[@BIB34] and Picornavirus-like viruses[@BIB22] that are not limited to the four palm motifs and include one new G motif. These two large virus supergroups comprise approximately one fourth of about 50 currently known RNA virus families and groups.[@BIB48] Although TaV, EeV, and birnaviruses do not have sequence characteristics that would classify them with either Nidoviruses or Picornavirus-like viruses, the observed clustering of their RdRps is correlated with other similarities. Protein priming of RNA synthesis with a special viral protein (VPg) was originally discovered in Picornaviruses,[@BIB49] and all Picornavirus-like viruses, as well as birnaviruses, may use this mechanism[@BIB24], [@BIB46] (VPg curve in [Figure 6](#FIG6){ref-type="fig"}). Some viruses from the Picornavirus-like supergroup and TaV/EeV employ a 2A or 2A-like protein of the NPGP family for proteolytic autoprocessing (dots in [Figure 6](#FIG6){ref-type="fig"}).[@BIB23], [@BIB26], [@BIB50] These correlations are yet to be rationalized in structure--function terms.

Viruses with a permuted palm fold form a minor lineage that includes approximately 4% of known RNA virus families/groups. The deep rooting of the permuted RdRps branch in the RdRp tree and the striking genome diversity of the few known viruses of this branch both indicate that these viruses are being significantly underrepresented. The identification of new viruses employing the permuted RdRps should be assisted by the results reported here. (After this manuscript was prepared, we found that the motif C permutation is also conserved in a newly sequenced replicase of *Drosophila* X virus, an insect birnavirus[@BIB51] (unpublished observation).

3.3. The emergence of permuted RdRps
------------------------------------

To derive a permuted motif organization from the canonical one, a tandem duplication of motifs A, B and C with a subsequent deletion of the original motifs A and B and the duplicated motif C′ must have taken place ([Figure 7](#FIG7){ref-type="fig"}). A reverse scenario is equally possible. Genetic rearrangements of this or greater complexity have been observed in evolution of contemporary RNA viruses (e.g. pestiviruses) and are linked to the high rate of RNA virus recombination.[@BIB52] Although these observations indicate that there would seem to be no mechanistic barriers to permutation of the palm subdomain occurring in different lineages at different time points, all the palm permutations that we have identified in the present study are likely to be descendants of a common ancestral permutation fixed early in the evolution of RNA viruses.Figure 7A tentative scenario for evolution of the permuted RdRps of TaV/EeV and birnaviruses. For labels, see the legend to [Figure 5](#FIG5){ref-type="fig"}.

Five important characteristics of the palm subdomain permutation --- involvement of the *catalytic* core of the *ancient* domain encoded by *diverged RNA* viruses of a *distinct* lineage, all indicate that the structural diversification of the palm subdomain may have happened at the primitive stage of evolution of the enzyme. Compared to its permuted relative, the canonical organization of the palm subdomain is in overwhelming dominance among contemporary TDPPs of DNA and RNA origin. This pattern of the fold utilization suggests that the canonical organization may have originated in the RNA--protein world from the permuted ancestor and was later selected as the basis for the DNA-involved TDPPs. Further comparative characterization of RdRps of these two palm folds may give unique insight into the major forces that determined the profound disparity in the utilization of the two folds among organisms and identify a key property that directed the early bifurcation of the palm fold evolution.

3.4. Do permuted RdRps link different folds?
--------------------------------------------

Protein permutations commonly involve structural rearrangements that preserve the fold type. In naturally evolved and artificially engineered circularly permuted proteins, the N and C termini migrate from the original to new positions between either α/α, or β/β or α/β units.[@BIB36], [@BIB41] The results of this study show that the protein folding and function can also sustain an internal permutation that changes a fold type. These observations indicate that divergent evolution has contributed to the origin of the structurally diverse folds. Particularly, it might have generated variants of the ferredoxin-like fold that were identified in numerous proteins with a variety of functions, no significant sequence similarity and several backbone connectivities.[@BIB6], [@BIB53], [@BIB54]

In the light of our observations, the intriguing question emerges whether the permuted or other deviant structural form of the palm subdomain could have evolved further to give rise to the palm subdomain of structurally different eukaryotic DNA polymerase β, which employs a nucleotidyltransferase-like fold.[@BIB8], [@BIB55] Studies of the permuted RdRps might also be useful for understanding the relationship between palm-based RdRps and those involved in RNA silencing,[@BIB56] enzymes that are currently considered unrelated.

4. Materials and Methods {#SEC13}
========================

4.1. Cloning and sequencing of the TaV genome
---------------------------------------------

TaV was purified from frozen infected *Setothosea asigna* larvae supplied by Dr Bernhard Zelazny, Integrated Coconut Pest Control Project, Jakarta, Indonesia. Virus purification and RNA extraction were as described.[@BIB23] A TaV cDNA library was prepared and a 2200 nt clone containing a portion of the TaV RdRp was isolated previously.[@BIB23] Here, the plasmid library was screened by colony blotting using the original clone as a probe, and by PCR of the clone library to isolate the remainder of the replicase gene using RdRp-specific primers and universal forward or reverse primers. All nt sequences were confirmed on two separate clones or by sequencing of RT-PCR products derived from viral genomic RNA.

4.2. General bioinformatics analyses
------------------------------------

Genpeptides, CD[@BIB57] and protein family (Pfam)[@BIB37] databases were used here. Amino acid (aa) sequence alignments were generated using ClustalX1.81[@BIB58] and Dialign2[@BIB59] programs assisted by Blosum position-specific matrices,[@BIB60] and were processed for presentation using GeneDoc.[@BIB61] An alignment of the RdRps from 58 viruses, representing 13 ssRNA+ virus families and groups of the Picornavirus-like supergroup and *Nidovirales*, was termed 58RdRp. Protein alignments were sent as input for the Jpred server to generate consensus prediction of secondary structures over several methods.[@BIB62], [@BIB63] Secondary structures were also predicted using a single sequence as input for the PSIPRED server.[@BIB64], [@BIB65] Multiple sequence alignments were converted into Hidden Markov Model (HMM) profiles using HMMER2.01 software[@BIB33] or used to build profiles using the Profileweight program.[@BIB66] Sequence databases were searched in default mode, unless otherwise stated, using the HMMER2.01 package[@BIB33], [@BIB37] and a family of Blast programs.[@BIB67] The expectation values of similarity (*E*) of 0.05 or lower for Blast searches and 0.1 or lower for HMMER-mediated searches were considered to be statistically significant.[@BIB68] The Profileweight profiles were compared in pairs by sliding a window of a selected length along each possible register, and matches above a threshold were recorded using the Proplot program.[@BIB66] The Plotsimilarity routine of the GCG-Wisconsin package (Genetics Computer Group, Madison, USA) was used to visualize the conservation in sequence alignments. Cluster phylogenetic trees were reconstructed using the neighbor-joining algorithm of Saitou & Nei[@BIB69] with the Kimura correction[@BIB70] and were evaluated with 1000 bootstrap trials, as implemented in the ClustalX1.81 program. Parsimonious trees were generated using heuristic search and evaluated with bootstrap analysis using a UNIX version of the PAUP^∗^ 4.0.0d55 program[@BIB71] that is included in the GCG--Wisconsin Package programs. The resulting trees were visualized using the TreeView program.[@BIB72] Protein modeling and structure visualization were performed using Insight II (Accelrys Inc.) and Whatif4.99 packages.[@BIB73]

4.3. Computational analysis of sequence permutations: approach and application to TaV/EeV and IPNVJ/IBDV
--------------------------------------------------------------------------------------------------------

To identify and validate sequence permutations, a multi-step protocol was introduced that is briefly described below along with results of its application to replicases of RNA viruses. The identification of a genuine sequence permutation is straightforward, provided an analyzed sequence returns non-linear, permuted matches with other, canonical homologs upon scanning a sequence database using Blast or other search engine.[@BIB42] None of these conditions were apparent upon analysis of replicases of TaV, EeV and birnaviruses that differ from the canonical homologs through a permutation of a short internal sub-sequence and profound divergence elsewhere. To meet the challenge of identifying permutations of this complexity, we decided to analyze large spaces of the computer-generated replicase permutants using HMMER2.01[@BIB33] and rps-BLAST-mediated[@BIB67] database searches. We made use of an observation that alignment with a highest score between permuted and canonical homologs is produced when permutation is reversed.[@BIB40], [@BIB42], [@BIB74] In other words, if two protein families have diverged through permutation of a sub-sequence in the ancestor of one of two families, then back-permutation in the proteins of the affected family produces sequences that outscore the parental sequences upon comparison with the other protein family. It is reasonable to assume further that this back-permutation must also outscore any other possible permutations as they, at the best, can only approach the similarity between the back-permutant and the other protein family.

Technically, the back-permutation is equivalent to a permutation of the parental, permuted sequence. To denote a particular permutation, three cut-points (*I*, *J*, and *L*) need to be chosen, where each index represents the position before the residue. For example, if *I*=5, the first cut-point lies between residues 4 and 5. If *I* and *J* represent the beginning and end of the region being moved and *L* represents the position where this region is inserted (so residues *I* through *J*−1 are placed between residues *L*−1 and *L*), and if:1≤I\<J\<L≤N+1where *N* is length of a parental sequence, then relocating the *I*--*J* region to *L* is identical to relocating *J*--*L* to *I*. Values of three indexes vary in the following ranges: for *I* from 1 to *N*−1, for *J* from *I*+1 to *N*, and for *L* from *J*+1 to *N*+1, for each index with a stride of *S*. Three indexes can be ordered by 3!=6 ways to yield the same permutation. This means that the number of all possible permuted sequences (permutants) derived from the parental sequence (*S*=1) is equal to (*N*+1)*N*(*N*−1)/6=(*N* ^3^−*N*)/6. Since the replicases of IPNVJ/IBDV and TaV/EeV contain from 845 aa to 1257 aa, the number of permutants that can be generated is on the order of 10^8^. This number is approximately two orders of magnitude larger than the number of sequences in the current version of the National Center for Biotechnology Information (NCBI) non-redundant protein database. To routinely manage the databases of this scale, extensive computational resources would be required (see also below).

To reduce the computational requirements of this search over permuted sequences, a two-step procedure of the permutant database generation was employed. In the first step, the possible values of *I*, *J*, and *L* were chosen with a non-unit stride *S* rather than with the *S*=1 as when a complete permutant database is generated. This reduces the number of permuted sequences that are generated by a factor of approximately *S* ^3^. The stride length, *S*, should be odd so that unique sequences could be easily generated in the second step (see below), and, in practice, a stride length of 9 aa that is significantly smaller than sizes of expected permutations was used. Using this stride, from 2.6×10^5^ to 6.9×10^5^ shuffled sequences were generated from replicases of TaV/EeV and IPNVJ/IBDV.

To offset differences in the sizes of the databases of permutants used here and, thus, make direct comparisons between results of different HMMER2.01-mediated database scans possible, the database sizes were set equal (10^5^). Each 9 aa stride database was searched with the 58RdRp HMM. The ratio of the HMMER *E*-values for the original (*E* ~o~) *versus* shuffled (*E* ~s~) sequences was used to rank the permutations in descending order. Though many permutations resulted in the same *E* ~s~ value, a plot of the average value of *E* ~o~/*E* ~s~ over the best *K* permutations (ordinate) *versus* *K* values (abscissa) had the general appearance of a decaying exponential (not shown). Using a central difference method, the place where the slope of this curve stayed below 0.1 for 100 contiguous *K*-values (say *K* ~o~) was located. All sequences that ranked higher than *K* ~o~ were considered top-scoring permutants and were selected for subsequent analysis.

In the second step of the permutant database generation, each of the permutations chosen above were taken to represent seed points about which a more detailed analysis was performed. If a selected permutation was represented by the triad (*I*′, *J*′, *L*′), then *I* was varied from *I*′−4 to *I*′+4, *J* from *J*′−4 to *J*′+4 and *L* from *L*′−4 to *L*′+4 in strides of 1 aa, subject to the inequalities given above. This procedure produced a set of up to 729 permutations around each of the *K* ~o~ permutations selected above to generate a new database of at most 729*K* ~o~ permutants. The sizes of these databases for analyzed replicases were on the same order as the sizes of the original 9 aa stride databases. These 1 aa stride databases were searched with the 58RdRp HMM.

To check the validity of the above two-step procedure, the IPNVJ replicase was also examined using a 1 aa stride, all-inclusive permutant database whose size was about 28GB. The top-scoring permutant identified through the searching of this database with the 58RdRp HMM was the same motif C permutant that was found with the two-step procedure (not shown).

At the final stage, some biologically irrelevant permutants were removed through selection of only those high-scoring permutants that were generated by relocation of homologous sub-sequences in pairs of related sequences: TaV/EeV and IPNVJ/IBDV, respectively. We considered these alignment-filtered permutations evolutionarily conserved, namely, that each pair of such permutations may have descended from a permutation fixed in a common ancestor of the virus pair. The *E* ~o~/*E* ~s~ values of each pair of evolutionarily conserved permutations of two viruses were summed, ranked and plotted. Among thousands of shuffled sequences that outscored the parental sequences during the database scans, 63,419 and 9147 involved relocation of homologous regions of proteins in the TaV/EeV ([Figure 8(a)](#FIG8){ref-type="fig"}) and IPNVJ/IBDV ([Figure 8(b)](#FIG8){ref-type="fig"}) pairs, respectively. All top-scoring sequences contained permutation of a 20--30 aa stretch (insets in [Figure 8(a) and (b)](#FIG8){ref-type="fig"}) that either overlapped or encompassed motif C? (green graphs in [Figure 8(a) and (b)](#FIG8){ref-type="fig"}). This motif was relocated into a region normally occupied by motif C (red graphs in [Figure 8(a) and (b)](#FIG8){ref-type="fig"}). Furthermore, no other large peaks, which could be linked to the relocation of other sequences (e.g. motif D), were evident in [Figure 8(a) and (b)](#FIG8){ref-type="fig"}, indicating that motif-C-related peaks are very specific. Thus, the selected top-scoring sequences are *bona fide* quasi-canonical replicases.Figure 8Distributions of three sequence characteristics of artificially permuted replicases of tetraviruses and birnaviruses. The 1 aa stride databases of artificially permuted replicases of TaV, EeV, IPNVJ and IBDV were scanned with the 58RdRp HMM and those high-scoring permutants that involved relocation of homologous sub-sequences in pairs TaV and EeV (a), and IPNVJ and IBDV (b), respectively, were identified. Distributions of the sum of *E*~o~/*E*~s~ scores for each pair of viruses that are associated with the positions of the origin (*I*; green) and destination (*L*; ochre) of permutations in respective alignments, and the highest scores for all sizes of relocated sub-sequences (*I*--*J*; insets) were plotted. Positions of six conserved sequence motifs are indicated.

For every analyzed virus, the most top-scoring permutant and its parental replicase sequence were then compared in a special test to assess the statistical significance and specificity of the selected permutations. This test included rps-Blast-mediated[@BIB67] comparisons of the pair of sequences with the ABCC in-house copy of a CD-database curated at the NCBI,[@BIB57] and results were plotted for each virus. The rps-Blast *E*-values were converted into the negative logarithm scores (−ln  *E*) with the (*E*=0.05) threshold being 1.3. Unlike the respective parents, the quasi-canonical replicases of EeV, TaV and IBDV reached a statistically sound level of similarity with a profile of RdRps from Picornavirus-like viruses (Pfam database accession number PF00608[@BIB37]) ([Figure 9](#FIG9){ref-type="fig"} , compare the PF00608 scores projected on the −ln  *E* ~s~ *versus* −ln  *E* ~o~ axes in the EeV, TaV and IBDV plots). The relocation of motif C? of the IPNVJ replicase also increased the already statistically significant similarity of the parental replicase and the PF00608 profile by five orders of magnitude ([Figure 9](#FIG9){ref-type="fig"}, compare the PF00608 scores projected on the −ln  *E* ~s~ *versus* −ln  *E* ~o~ in the IPNVJ plot). Although shuffling also increased the similarity of the replicases with some other protein families from a pool of approximately 3500 profiles ([Figure 9](#FIG9){ref-type="fig"} and data not shown), these effects were statistically insignificant and could be stochastic in origin. It is worth noting that the profile database contains, in addition to the PF00608 family, several other RdRp families (e.g. PF00946, PF00972, PF00978, PF00998, PF02123) that were not significantly similar to the quasi-canonical replicases, indicating that the observed increase in similarity was very specific.Figure 9Distributions of maximum similarity scores for comparison of the original and shuffled replicases of four viruses with known protein families. The original replicase sequences and top-scoring permutants (see [Figure 8](#FIG8){ref-type="fig"}) of TaV, EeV, IPNVJ, and IBDV were used to scan a CD-database containing ∼3500 entries using rps-Blast.[@BIB67] The −ln *E* scores for similarities of each profile with a pair of the original (abscisa) and shuffled (ordinate) sequences were recorded in the quadrant plots labeled according to virus. The intersection of the axes was set at the 1.3 score. Low-left quadrant, statistically insignificant hits of the original and shuffled sequences; upper-left quadrant, statistically insignificant hits of the original sequence and statistically significant hits of the shuffled sequence; upper-right quadrant, statistically significant hits of the original and shuffled sequences; lower-right quadrant, statistically significant hits of the original sequences and statistically insignificant hits of the shuffled sequences. The magnitude of effect of shuffling on the similarity between a replicase and a profile is estimated by the deviation of the hits\' position from the imaginary 45° diagonal running through the intersection of the axes. The position of the PF00680 profile hit is highlighted and projected to the axes for each virus.

4.4. Atomic coordinates
-----------------------

The TaV replicase sequence was deposited in GenBank (accession number AF82930).
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